The present work describes the circuit model based analysis of symmetrically tunnel diode loaded microstrip antenna with parasitic elements. To optimize the antenna characteristics, a systematic study has been carried out as a function of tunnel diode bias voltage, space between parasitic patch and fed patch. The results obtained from antenna radiation pattern depict that an improvement of 5.8 MHz in bandwidth can be achieved if the symmetrically tunnel diode is loaded with patch along with parasitic elements of gap (s) = 3.6 cm. It has also been noted that at this state the radiations are more powerful i.e. 0.5647 dB as compared to single patch design.
Introduction
Microstrip patch antennas have attracted widespread interest due to their small size, light weight, low profile and low cost as well as to the fact that they are easy to manufacture, suitable to planar and non planar surfaces, mechanically robust, easily integrated with circuits but their narrow bandwidth and low gain make these antennas for limited use [1, 2] . In the multi-channel application a small instantaneous bandwidth is required over a large frequency range. A tunable microstrip antenna provides an alternative to wideband operation in which an antenna with small bandwidth is tuned over a large frequency band [3] . Active device loaded patch is widely used to make a tunable antenna [4] . Several researchers have used parasitic elements along the radiating and nonradiating edges of the fed patch to achieve additional gain [5] .
In the present paper the radiation characteristics and resonance behavior of the symmetrically tunnel diode loaded microstrip antenna with parasitic elements at radiating edges has been studied by using circuit model approach for the first time. Consequently various antenna parameters such as input impedance, VSWR, return losses etc. are evaluated as a function of frequency for different bias voltages. The effect of separation (s) between the patch and parasitic elements is also investigated for different bias voltages.
Antenna Geometry and Its Equivalent Circuit
Tunnel diode loaded microstrip antenna is shown in Figure 1 , in which rectangular microstrip antenna (RMSA) is considered as a parallel combination of R, L and C. The value of which are given as [6] 2 0
Ground plane Dielectric Substrate  is effective permittivity of the medium which is given by [6] .
where c is the velocity of light, f is the design frequency, e  is the relative permittivity of the substrate material, and W are length and width of the rectangular patch and h is thickness of the substrate material. y o is Y-coordinate of the feed point. The equivalent circuit of the tunnel diode is shown in Figure 2 , in which R s is resistance, L s is inductance, -R D is negative resistance and C D is the junction capacitance [7] . The junction capacitance C D is given as
The impedance of symmetrically tunnel loaded patch can be given as in 
Operating Frequency
The operating frequency range of the tunnel diode oscillator controlled by self resonance frequency   
Now the combined equivalent circuit of tunnel loaded patch with parasitic elements can be given as shown in  
where and resistive cut off frequency   r f whose values are given by [8] .
From Figure 5 , the equivalent circuit for tunnel loaded patch with parasitic elements can be used to calculate odd and even mode impedances. The odd mode capa-
and even mode capacitance can be given as [8] .
  e C When the negative resistance of the tunnel diode goes to zero then the oscillation ceases to exist. Thus the resistive cut off frequency indicates that operating frequency should be less than f r . The equivalent circuit of symmetrically tunnel loaded RMSA can be given as shown in Figure 3 . The condition for oscillation of tunnel loaded patch is [7] Figure 5 , the impedances for odd and even mode can be given as where Y is the admittance of the circuit as seen by the negative resistance -R D . From Figure 3 , we can evaluate imaginary part of admittance as Equation (9) 0 4 2 
Total input impedance of the symmetrically tunnel loaded RMSA with parasitic elements is given by
The different antenna parameters can be calculated as Reflection coefficient 2  3  4  2  2  4  1  2  2  1  2  1  2  3  1  2   2  4  2  2  2  1  2  1  2 Im
where C Z is the characteristic impedance of the coaxial feed (50 Ω).
Return loss 10 log  
The radiation pattern for tunnel loaded RMSA with parasitic elements can be calculated as
where AF is array factor and given by [10] .
Design Specifications for Microstrip Patch Antenna
The designed frequency of the rectangular patch antenna is 1 GHz. The dimension of the rectangular patch is calculated by [6] . The detail design specifications are given in Table 1 and Table 2 .
Result and Discussion
Variation of return loss for single patch, tunnel diode loaded patch and tunnel loaded patch with parasitic elements are shown in Figure 6 , for different values of bias voltages. It is observed that the resonance occurs for tunnel loaded patch at lower value as compared to single patch and it is still lower for parasitic loaded patch for all the values of bias voltage. From Figure 7 , it is also observed that the bandwidth of the patch improves by loading the patch with tunnel diodes. However, by loading the tunnel loaded patch with parasitic elements the bandwidth further improves as compared to patch. Typically it may be noted that maximum bandwidth is achieved for tunnel loaded patch with parasitic element having s = 3.6 cm. When the value of (s) increases bandwidth decreases. At s = 9.9 cm, the antenna behaves as a tunnel loaded patch and the effect of parasitic elements ceases to exist. This is because of the fact that when (s) is more than 9.6 cm. there is no coupling between patch and parasitic elements. Variation of resonance frequency with bias voltage is shown in agreement with the reported data [10] . The radiation pattern of the antenna is shown in Figure 9 . It is observed that tunnel loaded patch with parasitic elements for (s) = 3.6 cm shows maximum radiated power which is 0.5647 dB higher as compared to patch alone. It is further noted that the radiation pattern is invariant with the bias voltage.
Conclusion
It is concluded from the above analysis that the bandwidth of the tunnel loaded patch antenna with parasitic elements is improved and it is found maximum for the patch size (s) = 3.6 cm. Further, an increase in gap (s) (beyond s = 9.9 cm) reduces the bandwidth. It means the effect of tunnel loaded patch and the parasitic elements ceases to exist or at this state the effective mutual interaction between patch and parasitic elements is stopped. In this way the performance of tunnel diode loaded microstrip antenna can be enhanced by using parasitic elements of optimum gap (s).
